Abstract. Knowledge about the function and functioning of single or multiple interacting genes is of the utmost significance for understanding the organism as a whole and for accurate livestock improvement through genomic selection. This includes, but is not limited to, understanding the ontogenetic and environmentally driven regulation of gene action contributing to simple and complex traits. Genetically modified mice, in which the functions of single genes are annotated; mice with reduced genetic complexity; and simplified structured populations are tools to gain fundamental knowledge of inheritance patterns and whole system genetics and genomics. In this review, we briefly describe existing mouse resources and discuss their value for fundamental and applied research in livestock.
Introduction
During the last 10 years, tools for genome analyses have developed tremendously. Along with the technological progress to examine whole genomes quickly and accurately, these techniques became flexible in size and origin of material to be analyzed. The wide range of use made these techniques affordable for diverse applications. In animal research, these techniques changed the accessibility of livestock genomic information dramatically. Whole genome sequence data are available for the most widely used species; these include cattle, pig, sheep, goat, buffalo, rabbit, horse, camel, and alpaca. These data are available as a reference genome sequence (Ensembl; Zerbino et al., 2017 , https:// www.ensembl.org/). Variations for other breeds are stored in the form of sequence variants relative to this reference sequence (dbSNP; Sherry, 2001 , https://www.ncbi.nlm.nih. gov/SNP/). In addition, often detailed pedigree structures are known and diverse phenotypes are collected for selected livestock populations. For the improvement of breeds, sequence variants are associated with animal characteristics and resulting allele effects are used for selection, either single gene selection or genomic selection taking into account gene effects across the whole genome. Moreover, ingenious methods for the generation of targeted mutations found their way from model animals to livestock species. Through this progress, model organisms attain a new position in fundamental science supporting the elucidation of genetics and genomics in livestock.
Genetics and genomics are often intermingled. The reason lies in the deeper insight into the genome itself. While classical genetics is the study of the heredity of a phenotypic trait, explaining the transmission of genes together with the expected visible phenotype from parents to offspring, genomics is the study of the genome as a carrier of the genetic information of an individual in its entirety. Genomics aims to elucidate genomic structure, modulation, functioning, and interaction as a whole and their action after transmission of genome parts in reproduction. As such, genomics can be considered as a subfield or as an extension of genetics.
In this review, we revisit the benefits of mouse models for the current research in livestock genetics and genomics. We briefly describe existing mouse resources and tools for investigating simple and complex traits and discuss those resources for the generation of knowledge for fundamental and applied research in livestock, where we focus on mammalian species.
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The necessity of using knowledge from model organisms in livestock research
Recently, Schmid and Bennewitz (2017) have reviewed the state of genome-wide association studies (GWASs) for mapping genes and causative mutations of quantitative traits in livestock. Information from GWASs in different livestock species has successfully contributed to further genetic improvement of populations through genomic selection, in particular in dairy cattle such as the Holstein Friesian. Nevertheless, there is a strong desire to gain further insight into the genetics and genomics of complex traits in livestock to improve genomic selection accuracy, to study the function and regulation of genes, and to understand the whole genome and fine-scale genetic architecture of genome-wide determinants of complex traits throughout lifespan and under different environments (Goddard et al., 2016) . In addition to direct investigation in the target livestock species, comparative studies using model organisms as well as human genetics and genomics contribute to accomplishing this task.
To facilitate comparative research, the Alliance of Genome Resources provides an interface that allows users to search for and view genes, functional data, and disease associations from databases of the fly, mouse, rat, yeast, nematode, and zebra fish (http://www.alliancegenome.org, last access: 3 January 2018).
The mouse as a model animal for livestock research
Mice are mammals, sharing 92 to 95 % of protein coding genes with humans and other mammalian livestock species, such as cattle (Elsik et al., 2009) , pigs (Humphray et al., 2007) , sheep (Iannuzzi et al., 1999) , and goats (Schibler et al., 1998) . The mouse genome is structured into 19 autosomes and the sex chromosomes. The mouse genome is around 2.7 giga base pairs long (Golden Path Length, Genome Reference Consortium mouse reference GRCm38.p5, ensemble.org, release 91, last access: 3 January 2018) and contains about 22 600 protein coding genes, 15 000 non-coding genes, and 12 000 pseudogenes, which are estimated to produce about 130 000 transcripts in total. The mouse has always been a favorite model animal since it is small and cheap to house, and mice are highly reproductive. They can produce four to five generations per year with up to 15 animals per litter, or even more. Mice have on average a 30 times more accelerated lifespan compared to humans. Mouse embryos can easily be cryopreserved and thereby stored long term for low costs without keeping the whole colony alive and without the risk of deriving new mutations. Moreover, the genome of the mouse can be genetically modified using different techniques (for an overview see Sect. 5), which allows the study of gene functions or allele effects in the whole organism as well as in specific organs or cell types.
The biggest advantage of using mice in research is the ability to control genetics and environment. Inbred lines allow the repeated investigation of the same genotype. Genetics is controlled by targeted mating. By controlling the management conditions and housing environment, external influences can be minimized. This allows us to perform challenge or intervention studies, such as studies with pathogens, testing drug effects, diet effects, and dosage with low numbers of animals.
For the mouse, diverse inbred strains, outbred populations descending from structured crosses between inbred strains, outbred selection populations, and genetically modified animals are available. For many inbred strains, phenotypic data and gene expression data were collected and whole genome sequence data were generated and are publicly available. The wide range of strains and populations and the comprehensive collection of phenotypic and genetic data made the mouse one of the most well-studied animal models in biological research.
Diversity among laboratory mice

Classical inbred and recombinant inbred strains
A peculiarity of the mouse is the wide range of available inbred strains that were created over the past century. The advantage of these strains for genetic research is the reduction of complexity within each strain on the one hand and the maintenance of genetic diversity between strains on the other hand. Within each strain, the genome is reduced to one allele variant at each locus, while the whole set of all available inbred strains represents a wide spectrum of alternative alleles at each locus. Since all mice are genetically identical within each inbred strain, subsequent experiments addressing different questions can be performed on the same genetic background. Due to the fixation of the genotype, phenotypic variation is small within a strain and therefore the number of animals required for experiments can be minimized.
Classical inbred strains
In random brother-sister mating over more than 20 generations of mice of different origin led to the generation of a high variety of so-called classical inbred strains (Lyon, 1989) . Currently, about 250 classical inbred strains are available at the Jackson Laboratory (https://www.jax.org/, last access: 3 January 2018). Each of these inbred strains contains a unique genome. The uniqueness of a strain depends on the evolutionary history of the founding population as well as on natural and artificial selection during the generation of the strain. The three main subspecies contributing to the different inbred strains are Mus musculus domesticus (found in western Europe, southwestern Asia, the Americas, Africa, and Oceania), Mus musculus musculus (eastern Europe and northern Asia), and Mus musculus castaneus (southern and southeastern Asia). Two additional subspecies have been recognized recently (Wilson and Reeder, 2005) : Mus musculus bactrianus (central Asia) and Mus musculus gentilulus (Arabian peninsula; Madagascar). Full information on inbred mice and their origin can be found elsewhere (Brockmann, 2005) .
Of the classical inbred strains, 43 were intensively phenotyped for a diverse range of traits (Brockmann and Bevova, 2002; Svenson et al., 2007) . These phenotypes are available at the Mouse Phenome Database of the Jackson Laboratory (https://phenome.jax.org/, last access: 3 January 2018).
Due to genetic drift, residual unfixed alleles, spontaneous mutations, or genetic contamination from other mouse strains sub-strains from well-characterized classical inbred strains have emerged. For example, for C57BL/6, one of the most widely used classical inbred strains strain, several welldescribed sub-strains developed unplanned during the breeding history in different laboratories. These sub-strains do not only differ in a few mutations but also in their phenotypes (Bryant et al., 2008; Mekada et al., 2009 ). This has to be considered when designing experiments, but can be exploited for experiments with these strains.
For C57BL/6J, which is the mouse reference sequence at the Ensembl Genome browser (https://www. ensembl.org/, last access: 3 January 2018), and additional 35 mouse inbred strains fully annotated genome sequences are available (https://www.sanger.ac.uk/science/ data/mouse-genomes-project/, last access: 3 January 2018). These strains are representative for the different genetic backgrounds occurring among laboratory mouse strains, including the three main wild subspecies. The annotated sequence information helps researchers to draw more generally applicable conclusions from experiments with these strains, which can be translated to other species.
Recombinant inbred strains (RISs)
Recombinant inbred strains (RISs) (Bailey, 1971) are sets of mouse strains that were derived from initial crosses between two or more inbred mouse strains and subsequent inbreeding of random pairs of siblings. Such a set of RIS represents a population that mimics simplified genetic diversity. Each single recombinant inbred strain represents one unique genotype, which is composed of randomly distributed genome parts of the founder lines. Therefore, a set of such strains can be used for association studies to finely map genetic loci responsible for phenotypic differences between the founder strains. Since every RIS is inbred, it needs to be genotyped only once, while phenotyping of the strains can be performed repeatedly. This allows a system analysis of the whole genome and multiple phenotypes simultaneously.
One of the most comprehensively investigated RIS sets is the BXD recombinant inbred strain panel comprising of 198 RIS mice (http://www.Genenetwork.org). The RISs were generated from an initial cross between C57BL/6J and DBA/2J. For C57BL/6J and DBA/2J whole genome sequence data exist and each RIS was genotyped using single-nucleotide polymorphism (SNP) chips. Therefore, every measured phenotype can be immediately associated with a causative genome region, gene or even sequence variant. In addition to association mapping of genes for single traits, these RIS resources also provide insight into the interaction between genes in the genome. It has been observed repeatedly that the phenotype of a recombinant inbred strain, as a mixture of the parental genomes, is significantly more extreme than either parental strain (e.g., Dogan et al., 2013) .
The most diverse set of recombinant inbred strains so far is the Collaborative Cross (CC) (Complex Trait Consortium, 2004) . The strains were constructed from a cross between eight founder mouse inbred strains ( Fig. 1 ) (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, NZO/HiLtJ, CAST/EiJ, PWK/PhJ, WSB/EiJ), which represent the most diverse genetic background including wildly derived mice (Complex Trait Consortium, 2004) . Currently, inbreeding of around 70 CC strains has finished, with more strains to come in the near future (https://csbio.unc.edu/CCstatus/, last access: 3 January 2018). These strains can be used in the same ways as the BXD set. Since the eight parental strains capture high genetic diversity and phenotypic variation for many traits, genetic mapping and fine mapping of causal loci contributing to complex trait variation is feasible. Whole genome sequence data of all eight parental strains and imputed sequence information of the CC strains (Oreper et al., 2017) allows identification of potential functionally acting candidate genes or regulatory elements.
Outbred populations
In sharp contrast to inbred strains, outbred populations are heterogeneous stocks (HSs) that could originate from crosses of two or more inbred strains or wild mice. These populations produce high phenotypic variance since each individual carries a unique combination of the genomes of the founder strain. These populations best mimic the genetic and phenotypic heterogeneity of natural livestock populations. Nevertheless, these individuals are still simplified in their genome composition.
Through repeated random mating (or repeated selective mating for a trait in selection populations) over many generations, recombination events between founder genomes are enriched in each individual and, therefore, the genomes of the original founders are highly fragmented. The origin of each genome segment can be traced back to a founder strain and its sequence variants. Thereby, these populations facilitate fine mapping of causal genes contributing to diverse phenotypes. In addition, these populations allow for systems analysis of interaction between genome regions and interference between phenotypes as well as the search for allelic imbalances and genetic imprinting of alleles. Here animals have a heterozygous genome with contributions from four of the eight founder strains. G2 individuals are then crossed with other G2 individuals who were generated using the remaining four founders. The genomes of individuals from the G3 generation are now composed of contributions from all eight founders. At this stage, siblings are mated within each of these "funnels", leading to a recombinant inbred line by fixation of the founder alleles. After 20 generations of repeated brother-sister mating, Collaborative Cross individuals are more than 95 % homozygous across the genome. The figure was inspired by an image published in Complex Trait Consortium (2004).
Heterogeneous stock (HS)
HSs were created to produce genetically heterogeneous highly reproductive stocks. The following eight progenitor inbred strains were crossed to identify genes associated with addiction to alcohol and drugs: A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and LP/J (Hitzemann et al., 2002) . Another HS population, originating from the progenitor strains C57BL/6J, BALB/cJ, RIII, AKR, DBA/2, I, A/J, and C3H was intensively investigated for genes controlling animal behavior. In this cross, the gene regulator of G-protein signaling 2 (Rgs2) was identified, which encodes a regulator of G-protein signaling. This gene modulates anxiety accounting for ∼ 5 % of the phenotypic variance in the population. The gene was first mapped in the HS population to a narrow region on chromosome 1, then remapped in the MF1 heterogeneous outbred population, and finally identified as a causal gene via genetic complementation with a Rgs2 knockout mouse (Yalcin et al., 2004) .
Diversity outbred (DO) mice
Another heterogeneous population is the diversity outbred (DO) population, derived from the same founder strains as the CC panel of RIS (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, NZO/HiLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ). The biggest difference between DO and CC mice is that DO mice are not an eternal resource since they outbreed each generation. This leads to high (single gene) mapping resolution, but comes at the cost of having to genotype each individual. This loss of power is compensated for by the fact that software, such as DOQTL (Gatti et al., 2014) and R/qtl (Arends et al., 2010; Broman et al., 2003) , is able to reconstruct parental haplotypes of the DO mice, allowing for more powerful haplotype association analysis.
Advanced intercross population (AIL)
A special case of heterogeneous stocks are advanced intercross populations (AILs). These are generated from an initial cross between two inbred strains and subsequent repeated randomized mating of members of one and the same generation to produce offspring for the next generation. An effective population size of 100 animals (50 successive mating pairs) is needed to minimize genetic drift in such a population (Darvasi and Soller, 1995) . AIL mice have been very successfully used for fine mapping of causal genes. Recently, an AIL originating from a cross between C57BL/6NCrl and the Berlin Fat Mouse inbred strain was used in combination with complementation tests to identify Bbs7 as the causal gene for obesity in the Berlin Fat Mouse .
Functional gene annotation through genetic modification
Tools for functional tests of genes
The function of a gene can be investigated by testing its phenotypic effect after destruction or addition to a genome by knocking it out or in, respectively. The effect can act on the whole organism, in target tissues or cell types permanently, or under specific conditions. In recent years, the gene manipulation tools have been extended by gene editing, a protocol that targets single nucleotides or short DNA sequences and allows subtle or extreme, deleterious or advantageous modifications of DNA to study such effects on genes, proteins, or regulatory elements (Gupta and Musunuru, 2014) . , 2012) . IMPC-generated knockout mice are subjected to the "Adult and Embryonic Phenotype Pipeline", which is a collection of standardized phenotyping protocols for the characterization of diverse genetically modified mouse strains. Currently, IMPC has finished the phenotyping pipeline for ∼ 4500 knocked out genes. All data generated by IMPC are publicly available online (https://www. mousephenotype.org, last access: 3 January 2018).
IMPC
ENU
N-ethyl-N-nitrosourea (ENU), an alkylating agent, is one of the most effective chemicals for obtaining mutations. The mutation rate is dosage and strain dependent in male mouse sperm stem cells (Cordes, 2005) . ENU produces preferentially point mutations, and these mutations occur randomly (Nolan et al., 2002) . Screens for phenotypes of ENU-treated mice that deviate from normality can identify single gene effects independently of the position of the mutation in the gene. As such, ENU mutations provide a finely grained dissection of gene or protein function. This allows discovery of gene and protein functions in an unbiased way. A disadvantage is that several mutations could occur simultaneously in one individual. Therefore, several rounds of backcrossing are carried out before the phenotype screen is performed. ENU screens successfully contributed to the identification of lethal defects and genes affecting immune cell function and differentiation (Nguyen et al., 2011) . Mice from ENU screens are available on request from researchers or can be purchased from the Jackson Laboratory.
Gene editing
This method can edit the DNA sequence well directed at almost every position in the genome and thereby improve or impair the gene function. This permits targeted analyses of functional domains of a gene product as well as the regulation of a gene (Esvelt et al., 2013; Gupta and Musunuru, 2014) . Effective protocols that exist for gene editing use guide RNA in combination with the enzyme recombinase (CRISPR/Cas9), zinc finger nuclease, or zinc finger protein in combination with a nuclease (TALEN) (Gupta and Musunuru, 2014) . Although these methods can be applied easily to livestock species, the mouse still has the unequal advantage of a short generation interval, which shortens the time for testing the effects of the introduced mutation several fold.
Exemplary mouse model contributions to livestock research
6.1 Key mouse models for milk and meat production, growth, and body composition 6.1.1 DGAT1
The diacylglycerol O-acyltransferase 1 (DGAT1) is a ratelimiting enzyme in the synthesis of triglycerides. Mice lacking DGAT1 can still synthesize triglycerides; however, they exhibit lactation defects because they do not produce milk (Smith et al., 2000) . Knowing this function, DGAT1 was proposed as the most promising positional candidate gene for a narrow region on Bos taurus autosome (BTA) 14 with a highly significant effect on milk yield and milk fat content in a GWAS with high-performance Holstein dairy cattle (Thaller et al., 2003) . This led to the identification of the DGAT1 protein mutation K232A (Grisart et al., 2002 ) and a promoter variant (Fürbass et al., 2006) that are segregating in Holstein but also other dairy cattle breeds and are considered causal.
Myostatin
Myostatin (MSTN) is one of different growth and differentiation factors (number 8, Gdf8). This factor regulates muscle cell growth in a negative feedback loop . Myostatin knockout mice have approximately twice as much muscle mass as normal mice (McPherron and Lee, 1997). The phenomenon of hypermuscularity has been observed for a long time in beef cattle and sheep. In Belgian Blue cattle, the genomic locus accounting for the double muscling phenotype was finely mapped to a region containing myostatin (Grobet et al., 1997; Kambadur et al., 1997) . Sequence analysis identified a 11-base pair deletion in the third exon leading to a frame shift in the coding sequence and consequently to the lack of intact myostatin (Grobet et al., 1997) . Soon after discovering the myostatin effect, additional mutations were identified in the myostatin gene that are associated with increased fiber number and/or fiber diameter (McPherron and Lee, 1997) . Double muscling was also known for Texel sheep, found on the Dutch Frisian island of Texel. Different from cattle, the availability of myostatin is here reduced to about onethird through impaired translation. A mutation in the 3' untranslated region of the gene creates binding sites for three micro RNAs of which two occur in the skeletal muscle and bind to the RNA, which interferes with the translational machinery (Clop et al., 2006) .
More recently, the CRISPR/Cas9 system was employed to genetically manipulate pigs, rabbits, and goats to disable the myostatin gene with the goal of increasing meat production (Guo et al., 2016; Wang et al., 2017) . In all species, the resulting animals were significantly more muscular. However, rabbits without a functional myostatin gene also exhibited signs of the enlarged tongue phenomenon, a higher rate of still births, and a reduced lifespan.
Leptin, its receptor, and additional adipomyokines
Leptin is a satiety hormone secreted from adipocytes and signals fat storage to the brain. Leptin as well as its receptor were identified in the obese (ob) and diabetic (db) mouse strains as natural occurring deleterious mutations in the C57BL/6J mouse inbred strain. Both the ob and the db strains are obese. The discovery of leptin and afterwards the leptin receptor through genetic mapping, fine mapping, and comparative sequencing (Chua et al., 1996; Zhang et al., 1994 ) was a milestone in the field of obesity research in humans and opened the doors for investigating leptin effects on energy consumption and partitioning in many species. In different livestock species, associations with many production traits, such as body composition, intramuscular fat content (Williams, 2008) , feed efficiency (DeVuyst et al., 2007; Kononoff et al., 2005) , reproduction (Agarwal et al., 2009) , and milk performance were found (Giblin et al., 2010 ). Animals with high levels of circulating leptin tend to exhibit a higher feed efficiency (6.4 % feed efficiency) compared to animals with low levels of circulating leptin (8.2 % feed efficiency) (DeVuyst et al., 2007; Kononoff et al., 2005) .
A recent cross-species approach using mice to model cattle identified novel putative adipomyokines involved in the cross talk between muscle and adipose tissue (Schering et al., 2015) . The researchers identified 119 myokines, 79 adipokines, and 22 adipomyokines, which were subjected to network analysis to reveal remodeling of the extracellular matrix and tissue fibrosis as relevant annotation of these candidate adipomyokines. These novel adipomyokines could be interesting targets since they show a physiological role in exercise adaptation and meat quality of farm animals.
Gut microbiota
Germ-free mice as well as the huge diversity across inbred mouse strains provide good models to study the effect of the microbiome on disease development and resistance (Flowers and Ellingrod, 2015; Kinross et al., 2011; Rosshart et al., 2017) and to study the host-microbiota interaction (AlAsmakh and Zadjali, 2015) . Recent studies showed, for example, that germ-free mice are resistant to obesity when consuming a high-fat, high-carbohydrate Western diet (Rabot et al., 2010) . Even if the effects may be inflated because of a lack of natural immune system in these mice, gnotobiotic mouse models are very useful to dissect mechanisms underlying microbe-host interactions (Clavel et al., 2016) . These insights improve our understanding and provide input into investigations on livestock species and how microbiota influence not only the digestion of food but also how they affect the body's metabolism, behavior, and health.
Mouse as a model for animal diseases 6.2.1 Trypanosomiasis
Trypanosomiasis affects vertebrate livestock species in South America, northern Africa, and the Middle East. Affected species include horses, donkeys, mules, cattle, buffalo, deer, camels, llamas, dogs, and cats (Rjeibi et al., 2015) . Known transmission vectors of the parasite include horseflies and vampire bats. Mouse models have been developed to study the infection routes and pathogenicity of Trypanosoma, reviewed by Antoine-Moussiaux et al. (2008) , Blom-Potar et al. (2010) , and Síma et al. (2011) . Mouse models have played an essential role in finding genetic loci underlying resistance or susceptibility to trypanosomiasis (Foote et al., 2005) . The availability of high-density linkage maps, the genome sequence, and transcriptomic tools have made the mouse essential to studying these fundamental aspects of the hostparasite interaction.
Bovine spongiform encephalopathy (BSE)
Bovine spongiform encephalopathy (BSE), a prion-caused disease, is a fatal and progressive degenerative disorder of the central nervous system of cattle, which can be transmitted to humans. In 1997, it was shown that transmission of BSE to transgenic mice was possible (Scott et al., 1997) , and in 2006, transmission of BSE to wild-type mice was shown to be possible (Baron et al., 2006) . Multiple mouse models have been developed to study prion diseases with different susceptibilities for bovine, sheep, mink, and porcine spongiform encephalopathy (Baron et al., 2007; Wilson et al., 2012) . Additionally, fundamental research into prion diseases in mice (Telling, 2011) has contributed significantly to our understanding of the molecular mechanism and structure of prions as well as disease progression and transmission (Riek et al., 1996) .
Foot-and-mouth disease
Although mice do not have hooves similar to cattle, and many other differences exist between mice and ruminant immune responses, a mouse model was developed for studying foodand-mouth disease (FMD) (Skinner, 1951) . Intraperitoneal infection of unweaned mice from the FMD virus (FMDV) leads to fatal symptoms characterized by muscular paralysis (of the hind legs), degenerative changes in the myocardium and skeletal muscles, and respiratory distress within 24 h of infection, whereas infection in older mice (after weaning) is typically subclinical (Skinner, 1951) . The suckling mouse model is considered a major milestone in FMDV research. Following intraperitoneal challenge, the virus replicates primarily in the pancreas and the viremic period is short (Charleston et al., 2011) . FMD pathogenesis in adult mice is dependent on the genetic background of the mouse strain (with C57BL/6 mice being most susceptible), strain of virus, and challenge method. The mouse model provides a platform to evaluate therapeutics and vaccine candidates at a reduced cost and allows access to genetic mutations not available for target species, providing a powerful and versatile experimental system to interrogate the immune response to FMDV (Habiela et al., 2014).
African swine fever virus (ASFV)
The virus causes a haemorrhagic fever with high mortality rates in pigs, but it is also found to infect wild hosts such as warthogs, bush pigs, and ticks (Tulman et al., 2009) . In 1994, under laboratory conditions, a mouse model was developed with severe combined immunodeficiency (SCID) to investigate ASFV. Injection of swine peripheral blood mononuclear cells into SCID mice results in a long-term establishment of a functional swine immune system in these mice (Revilla et al., 1994) . Mouse models have also been used to test the different swine fever proteins for the immunogenicity and safety with the goal to develop vaccines for ASFV .
Mouse specific databases
Mouse Genome Informatics (MGI)
The Mouse Genome Informatics (MGI) database (http:// www.informatics.jax.org/, last access: 3 January 2018) maintained by the Jackson Laboratory (Bar Harbor, Maine, USA) provides the most comprehensive information about the characteristics of mouse strains. Information inside this database includes the following.
-Gene-based information. This includes basic information concerning gene location, family, ontology, and functional annotation.
-Phenotype information and mutant alleles. This includes all information regarding spontaneous, induced, and genetically engineered mutations and their strainspecific phenotypes.
-Human-mouse disease connection. This part was designed to facilitate the identification of published and potential mouse models of human disease, the discovery of candidate genes, and the investigation of phenotypic similarity between mouse models and human patients.
-Recombinase (Cre) activity. MGI collects and annotates expression and activity data for recombinase-containing transgenes and knock-in alleles.
-Functional annotation using the gene ontology. MGI's Gene Ontology project provides functional annotations for mouse gene products using the gene ontology (Ashburner et al., 2000; Gene Ontology Consortium, 2017 ).
-Strains, SNPs, and polymorphisms. MGI integrates comparative data on inbred strain characteristics including SNPs, polymorphisms, and quantitative phenotypes.
-Vertebrate homology. MGI contains homology information for mouse, human, rat, chimp, and dog.
-Biochemical pathways (MouseCyc). This includes a database of curated biochemical pathway data for the laboratory mouse that can be integrated with functional and phenotypic data from MGI (Evsikov et al., 2009 ).
Mouse Genomes Project
The Mouse Genomes Project (https://www.sanger.ac.uk/ science/data/mouse-genomes-project, last access: 3 January 2018) uses next-generation sequencing technologies to sequence the genomes of key laboratory mouse strains. The project consists of two branches: (1) short-read sequencing of many laboratory mouse strains and identification of sequence variation (SNPs, short insertions and deletions, and larger structural variations) relative to the C57BL/6J mouse reference genome. (2) De novo genome assembly and strainspecific gene annotation of the most widely used strains.
Mouse Gene Expression Database and Expression Atlas
The Mouse Gene Expression Database (Finger et al., 2017) contains information on gene expression in different inbred mice strains (http://www.informatics.jax.org/ expression.shtml, last access: 3 January 2018). The gene expression atlas provides information on the temporal and spatial expression patterns of genes (https://www.ebi.ac.uk/gxa, last access: 3 January 2018). This allows researchers to find in which tissue and at which developmental stage a certain gene is expressed.
GeneNetwork
GeneNetwork (http://www.genenetwork.org, last access: 3 January 2018) is a free scientific web resource for mouse quantitative trait locus analysis. It is used to study the relationship between genes, environmental factors, phenotypes, and disease risk (Sloan et al., 2016; Wu et al., 2004) . Starting out, it was the repository where genotype and phenotype information regarding BXD RIS was collected. Currently, in addition to BXD much more information is available for many different sets of RISs of mice including -AKXD derived from AKR/J and DBA/2J; -AXB/BXA, a reciprocal cross between A/J and C57BL/6J to investigate parent-of-origin effects;
-BXH derived from a cross between a female C57BL/6J and a male C3H/HeJ; -CXB the oldest RIS cross (1971) derived from a cross between BALB/cBy and C57BL/6By; -LXS, a RIS with an intriguing history (it is derived from an eight-way cross initiated in the 1950s bred using a circle breeding method using the following mouse strains: A, AKR, BALB/c, C3H/2, C57BL, DBA/2, IS/Bi, and RIII).
In addition, phenotype and genotype data are also available on different cross types, such as F 2 crosses (B6BTBRF2, B6D2F2, BH/HB F2, CastB6/B6Cast F2, B6JxB6N F2), but also on more complex outbred crosses such as the HS, the CC, and the Hybrid Mouse Diversity Panel. Recently, data from other species has also been integrated into GeneNetwork (human, rat, monkey, fruit flies, and others) to facilitate the translational research of results into other species. To this end, GeneNetwork provides many tools for the analysis of phenotype and genotype data as well as tools for association analyses in inbred and outbred populations.
Concluding remarks
Without any doubt, direct research in the target livestock species is unbeatable. In this regard, physiological, endocrine, and anatomical differences behind complex traits such as productivity, fertility, and behavior between species, in particular between the mouse and livestock species, must be considered. Such significant differences exist, for example, in the nutrient uptake and the metabolism between monogastric and ruminant animals and in the reproduction between unipara and multipara. Some genes, which are important for livestock, do not even exist in the mouse genome, for example genes involved in horn development. Nevertheless, although differences in the regulation of genes and signaling cascades exist, major gene functions and pathways are shared between all mammals. Therefore, mouse models can be used in comparative genetics and genomics to accelerate research in other species. Livestock populations that are under selection for genetic improvement are often well characterized for genetic association studies. In such populations, pedigree information, reliable phenotypes for production, reproduction, health, and increasingly also for fitness traits, and dense genetic information are available. These are excellent prerequisites for successful mapping of genomic loci directly associated with causal genes in livestock. However, the subsequent gene identification and, moreover, finding the causal sequence variant, even if we expect different mutations in other species, remains a challenge due to linkage disequilibrium. Exceptions are defect and lethal genes, which can be disentangled through studies in affected livestock populations showing Mendelian co-segregation or missing homozygosity, respectively.
The special value of the mouse as a model animal for livestock research lies primarily in the existence of diverse genetic resources, the easy-to-handle genome, and comprehensive phenotypic measurements under a defined environment. Unique genetic resources such as inbred strains on the one hand and outbred strains with known genetic origin on the other hand allow the investigation of diverse complex traits, which are also of interest for livestock breeders. Structured multi-parental populations combine the higher statistical power of mapping quantitative trait loci with the high resolution of genome-wide association studies, allowing the almost direct identification of causal variants underlying the phenotype variation. Using these resources, the mouse became a powerful model animal for linkage and genome-wide association studies to discover or to finely map genetic loci affecting phenotype variation in complex traits. This allows translational information to flow from mouse studies into livestock research. In addition to direct genetic effects, imprinting and other epigenetic effects, the structure of complex traits, allelic imbalance, allele transmission disequilibria, and the inheritance of correlated traits have been discovered and quantified in mice.
Key tools, techniques, and protocols for the manipulation of the genome have been developed in mice. These include gene transfer, gene targeting, and genome editing as well as stem cell generation, differentiation, and manipulation. Using the different methods, the mouse largely contributes to functionally annotating genes and regulatory units. Genetically modified mice are excellent resources to study gene functions on different genetic backgrounds and under different challenging conditions. Through gene editing, modified mice can be quickly generated. Combined with the short generation interval this leads to the situation in which a new hypothesis about how a certain mutation will affect gene function can be formulated and tested within the span of a year. In many livestock species this would take much longer since the generation interval is orders of magnitude larger compared to mice. Moreover, the technical developments in mouse research contributed fundamentally to the progress in genome research in different species.
Finally, there might already be a mouse model available for a particular disease or phenotype of interest. This mouse model might give researches a hint on functional effects of their candidate gene or genes or confirm findings in their target species. Researchers can look up their candidate gene in diverse public databases or just order the mouse. Many gene-driven mouse models have been generated in the past 20 years and many of those are readily available from commercial distributers or research institutes.
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